Abstract: Knowing the cloud thermodynamic phase (if a cloud is composed of ice crystals or liquid droplets) is crucial for many cloud remote sensing measurements. Further, this knowledge can help in simulating and interpreting cloud radiation measurements to better understand the role of clouds in climate, weather, and optical propagation. Knobelspiesse et al. [Atmos. Meas. Tech. 8, 1537 , (2015 ] showed that, for simulated zenith observations, the algebraic sign of the S 1 Stokes parameter (related to the difference between perpendicular and parallel linear polarization in the scattering plane) can be used to detect cloud thermodynamic phase when observed with a ground-based passive polarimeter. In this paper, we describe the use of our all-sky imaging polarimeter to experimentally test this proposed method of detecting cloud thermodynamic phase in the entire sky dome. The zenith cloud phase was validated with a dual-polarization lidar instrument.
Recently, Knobelspiesse et al. [28] showed that the direction of linear polarization (expressed by the sign of the Stokes S 1 parameter defined in the solar scattering plane) should be useful for determining cloud thermodynamic phase with a passive ground-based polarimeter. The solar scattering plane contains the directions of incident sunlight and scattered light. A positive S 1 value indicates a liquid cloud with linear polarization parallel to the scattering plane, while a negative S 1 value indicates an ice cloud with linear polarization perpendicular to the scattering plane. They provided initial validation of simulation results using zenith-pointing, polarization-sensitive Cimel radiometers from the NASA Aerosol Robotic Network (AERONET).
The objective of our study was to detect cloud thermodynamic phase using a groundbased, all-sky imaging polarimeter following the same method. The Knobelspiesse et al. simulations suggested that the optimal measurement for cloud thermodynamic phase was not at the zenith, but in a direction in the solar principal plane approximately 55° from the sun. With our calibrated all-sky polarimeter operating in 10-nm-wide wavelength bands centered at 450 nm, 490 nm, 530 nm, 670 nm, and 780 nm, we were able to verify this. We detected ice, liquid, and multi-layered ice and liquid clouds using the measured S 1 Stokes parameter and we independently verified our results using dual-polarization lidar measurements at the zenith. In the balance of this paper, Section 2 provides a description of our methodology, Section 3 shows our measurements and results, Section 4 offers a discussion, and Section 5 outlines our conclusions.
Methodology
In this paper, we demonstrate that an all-sky imaging Stokes polarimeter can be used to detect cloud thermodynamic phase by analyzing the Stokes S 1 parameter, measured relative to the scattering plane. Simulations from Knobelspiesse et al. [28] showed that the direction of linear polarization (as expressed by the sign of the Stokes S 1 parameter defined in the solar scattering plane) is an indication of cloud thermodynamic phase. Positive or slightly negative values of S 1 indicate a liquid cloud with linear polarization parallel to the scattering plane, while more negative values of S 1 indicate an ice cloud with linear polarization perpendicular to the scattering plane. Since we used all-sky polarization images from a multi-month campaign and did not focus solely on principal-plane measurements, we found similarities and differences from what was described in their paper. These are discussed further in Sections 3 and 4.
All-sky imaging polarimeter overview
To detect cloud thermodynamic phase, we used a ground-based, all-sky imaging polarimeter operating at visible and near-infrared wavelengths. This instrument was developed at Montana State University and uses a fisheye lens to image the sky with a field of view of approximately 160° [29] . We have used this polarimeter to study skylight degree of linear polarization (DoLP) and angle of polarization (AoP) for clear and partly cloudy skies [30, 31] and have performed careful comparisons of clear-sky measurements with a polarized radiative transfer model [32] , which was then used to explore the spectral variation of skylight polarization across the visible-NIR-SWIR spectrum [33, 34] . For the present study, the instrument operated in 10-nm-wide wavelength bands centered at 450 nm, 490 nm, 530 nm, 670 nm, and 780 nm. In this imager, two liquid crystal variable retarders (LCVRs) were used to electronically vary the retardance seen by incoming light so that a full Stokes image was measured in less than a few tenths of a second at each wavelength. The LCVRs allowed rapid acquisition that enabled reliable measurement in partly cloudy skies by avoiding polarization artifacts from inter-frame cloud motion. The polarimeter was calibrated using an external rotating polarizer and an integrating sphere viewed at numerous angles to fully capture the imager's system matrix over the entire fisheye field of view. Maximum error for the Stokes S 1 and S 2 parameters was estimated as ± 1.2% with 100% linear input [29] .
Dual-polarization lidar overview
A dual-polarization lidar [14] was used to validate zenith cloud thermodynamic phase measurements taken with the all-sky polarimeter. This lidar uses a liquid crystal variable retarder in the receiver to alternate between co-polarized and cross-polarized polarization states of the backscattered signal from alternate laser pulses at a rate of 30 pulses/s. The laser source is linearly polarized and the two received signals are either parallel (co-polarized) or orthogonal (cross-polarized) to the laser signal. The cross-polarization ratio (δ) was measured as a ratio of the cross-polarized and co-polarized signals. This ratio identifies the presence of ice crystals in the clouds since light scattered from polyhedral ice crystals has a significant fraction of cross-polarized light, while light singly scattered from water droplets does not. The physical basis, capabilities, and uncertainties of this classic method are discussed in [13] .
Measurements and results
The all-sky polarimeter and dual-polarization lidar were operated together at times when ice, liquid, and multi-layered clouds were present throughout a multi-month period in Bozeman Stokes S 0 and DoLP images were used to determine the presence of clouds. Cloudy pixels were identified by higher radiance values in the S 0 images or lower values in the DoLP images relative to the background sky because of multiple scattering within the cloud [31, 35] . However, because the AoP for ice clouds is aligned perpendicular to the scattering plane, the same as the clear sky, polarization angle alone is not a reliable indicator of clouds or cloud phase. The S 1 images, however, look significantly different for the different cloud types. Most importantly, in agreement with the theoretical predictions, the ice cloud in Fig. 1 
Zenith measurements
A summary of 27 different zenith measurements at each all-sky polarimeter wavelength, validated with the dual-polarization lidar, are shown in Fig. 2 , with corresponding data listed in Table 1 . The listed S 1 parameters were calculated by masking a region of clouds near the zenith (in a cone of 5° radius) and by averaging the masked S 1 values for the cloud pixels. A mask of the cloud pixels was created by normalizing the S 0 image and selecting values greater than the background skylight. In Table 1 , the zenith angles correspond to the scattering angles in the solar principal plane, similar to the simulations presented in Knobelspiesse et al. [28] (the scattering angle is defined as the angle between the solar illumination direction and the scattered direction). The zenith angles in parentheses correspond to cloud pixels measured off-axis (i.e. not at the zenith) with the same cloud-identification procedure applied. A positive or slightly negative S 1 value theoretically indicates a liquid cloud, while a more negative value indicates an ice cloud. Accordingly, we measured negative S 1 values for ice clouds (verified at the zenith with the lidar) and both negative and positive values for verified liquid clouds. We detected cloud phase for multiple days with solar zenith angles ranging from 23° to 72°. Lidar validation measurements are presented in Fig. 3 . A lidar crosspolarization ratio less than 0.08 indicates liquid, while a cross-polarization ratio greater than 0.08 indicates ice (the cross-polarization ratio for liquid phase should be approximately zero; however, multiple scattering can lead to cross-polarization ratios above zero). Notice that in Fig. 3 there is a clear separation between the verified liquid and ice S 1 values. In our observations shown in Fig. 2 , clouds were generally more polarizing at shorter wavelengths for ice clouds and at longer wavelengths for liquid clouds, in agreement with the Knobelspiesse predictions. From Fig. 2 , we determined a threshold of S 1 = −0.04 to distinguish between zenith-validated liquid and ice clouds. An S 1 value greater than −0.04 indicates liquid phase, while a S 1 value less than −0.04 indicates ice phase.
Polarimetric cloud phase determination was also observed to depend on scattering angle, especially for liquid clouds. The simulations of Knobelspiesse et al. [28] showed that ice clouds could be detectable between scattering angles of approximately 10 0 and 150°, while liquid clouds could only be reliably detected between scattering angles of 10 0 and 70° (using the baseline that ice clouds are negative and liquid clouds are positive). For liquid clouds, measured S 1 values were greatest between scattering angles of 10 0 and 60°, as observed in Fig. 4 , which shows the S 1 scattering angle dependence with wavelength (for measurements validated at the zenith). Our optimal scattering angle was observed to be closer to 45°, not 55° as predicted by Knobelspiesse. For scattering angles greater than 60°, the classification of liquid phase was observed to vary with wavelength. For clouds determined to be liquid with zenith lidar observations, S 1 measurements at 670 and 780 nm were greater than −0.04, while measurements at 450, 490, and 530 nm were less than −0.04. In general, ice clouds could be determined reliably for scattering angles from 0° to beyond 70°. The scattering angle dependence for the measured pixels in the entire field of view will be discussed further in section 3.2.
In Fig. 2, measurements 11, 18 , and 19 were observed to have reverse wavelength dependence relative to the other measurements. Measurement 11 corresponds to verified liquid S 1 values, where measurements 18 and 19 correspond to verified ice S 1 values. These measurements were made on 6 July 2016, 3 August 2018, and 16 August 2018, respectively. The liquid S 1 values in measurement 11 could suggest a minimum scattering angle needed to reliably detect liquid phase based on spectral measurements. In this case, the scattering angle was 25° and S 1 values were greatest at shorter wavelengths. In measurements 18 and 19 (made at scattering angles of 73° and 59°, respectively), the aerosol optical depth at 500-nm wavelength was 0.47 and 0.24, respectively, indicating the atmosphere was quite smoky. It seems likely that this spectral reversal arose because the smoke layer was selectively depolarizing the shorter-wavelength light scattered from the cloud above; however, an alternate idea to consider is that the smoke aerosols could have enhanced the long-wavelength polarization, as we recently observed at SWIR wavelengths for thick wildfire smoke [35] , although in those previous observations the smoke only enhanced the polarization for wavelengths longer than 1 μm. The S 1 dependence on aerosol optical depth can be observed in Fig. 5 . Below an AOD value of 0.2, the S 1 value was greatest at shorter wavelengths. Above an AOD value of 0.2, the S 1 value was greatest at longer wavelengths.
All-sky measurements
In Fig. 6 , all-sky images show the relationship between S 1 (referenced to the scattering plane) and scattering angle for the five polarimeter wavelengths in the entire sky-dome for a zenith- A mask of the cloud pixels in Fig. 7 was created by normalizing the S 0 image and masking out values greater than the background skylight (if using a RGB camera system, cloud masking could be done using methods presented by [36] ). We did not use a red/blue ratio to find clouds with the liquid-crystal-based all-sky imager because there is a multi-second delay between image sets at different wavelengths (this system provides rapid calculation of a polarimetric image sequence, but with a larger delay between spectral channels). The masked regions were then applied to the S 1 image, scattering angle image, and zenith angle image (Fig. 8) to visualize the measured S 1 dependence with scattering angle (Fig. 9 ) and zenith angle (Fig. 10) in the entire all-sky image. Ice clouds were generally found to have S 1 values less than −0.04 (dashed line), where liquid clouds tended to be both positive and slightly negative. At scattering and zenith angles greater than 60° and 25°, respectively, liquid clouds were found to have S 1 values less than −0.04. 
Discussion
Careful observation guidelines must be considered when measuring cloud phase in the entire sky dome. First, the sun-cloud-observer geometry significantly affects the measured S 1 image. If the polarimeter's reference frame is not aligned to the scattering plane, the determination of cloud phase cannot be made accurately, as illustrated in Fig. 11 . With S 1 expressed in the instrument's reference plane (IP), cloud phase is ambiguous and depends on the scattering geometry. However, expressing S 1 relative to the scattering plane (SP) for each pixel allows us to reliably detect liquid phase over the scattering angles of 10 0 to 70° (for Fig. 11 , the lidar's cross-polarization ratio was approximately 0.02 at a cloud height of 3.5 km, indicating liquid-phase clouds). In other words, for a fisheye image it is necessary to rotate the polarimeter's frame of reference into the scattering plane reference [37] to determine cloud phase in the entire image, not just the principal plane. For measurements with a point-source polarimeter, the instrument could be deployed on an azimuthal mount so that the polarimeter's reference frame was always aligned with respect to the solar scattering plane (i.e. the reference polarizer would be parallel to the scattering plane). With the instrument aligned in this fashion, the polarimetric reference plane at each point would be the solar scattering plane unique to that position. Fig. 11 . DoLP, Stokes S 1 , and AoP images in the instrument plane (IP) and scattering plane (SP) from 1 April 2016 with solar azimuth angles of 171°, 218°, and 239° and zenith angles of 41°, 47°, and 57°, respectively. This figure demonstrates the importance of aligning the polarimeter's reference frame to the scattering plane. In the polarimeter's reference frame, both phases are detected depending on the scattering geometry whereas in the scattering plane, liquid phase is detected over the scattering angles of 10 0 and 70° (the lidar's cross-polarization ratio was approximately 0.02 at a cloud height of 3.5 km (AGL), indicating liquid phase).
The spectral distribution of S 1 values in Fig. 2 suggests that it might be possible to use an RGB polarimeter [38] for fast spectral and polarimetric acquisition, possibly employing a red/blue ratio to identify clouds. Figure 12 shows that it may be possible to enhance the cloud phase identification by using two wavelengths, such as red and blue, because ice clouds tend to have larger S 1 magnitudes at shorter wavelengths (blue), where liquid clouds tend to have larger S 1 magnitudes at longer wavelengths (red). A common threshold of approximately −0.04 could be used or possibly separate thresholds could be found for the red and blue channels to identify cloud phase. However, these initial data suggest this classification may not always work for multi-layered clouds or for measurements at scattering angles greater than approximately 60°. 
Conclusions
Following the method presented by Knobelspiesse et al. [28] , we have detected cloud thermodynamic phase using the Stokes S 1 parameter at angles beyond the zenith. We used a zenith-pointed, dual-polarization lidar to validate the identification of ice, liquid, and multilayered clouds using the S 1 parameter rotated to be expressed relative to the scattering plane. Furthermore, we have experimentally shown the dependence of polarimetric cloud phase retrievals on the sun-observer scattering geometry. A positive or slightly negative S 1 value indicated a liquid cloud, while a more negative S 1 value indicated an ice cloud. Our data suggest an initial threshold of S 1 = −0.04. Compared to the study presented by Knobelspiesse et al., our measured S 1 parameters were found to be slightly greater than their simulated values in the scattering plane for ice clouds. For liquid clouds, we found S 1 values to increase in magnitude at longer wavelengths, and for ice clouds we found S 1 values to increase in magnitude at shorter wavelengths (matching the simulations presented by Knobelspiesse et al). S 1 values are strongly dependent on scattering angle and the optimal scattering angle to detect liquid clouds was approximately 45° in our data, compared to 55° in the Knobelspiesse et al. simulations. Among our five all-sky polarization imager spectral bands, the optimal wavelengths to detect cloud phase with a visible polarimeter were found to be red (670 nm) for liquid and blue (450 nm) for ice.
Our main objective was to verify that the ground-based all-sky polarimeter system reliably determined cloud thermodynamic phase, as validated at the zenith with a dual-polarization lidar. The results of this study strongly suggest this method could be used to determine cloud thermodynamic phase from all-sky polarimetric images, although further validation and study is warranted. This study was limited to days in which the all-sky polarimeter was running at the same time as our dual-polarization lidar. An expanded study could make use of a more continuously operated all-sky polarimeter [39] and dual-polarization lidar to more completely explore the potential of this method being applied throughout an annual cycle. Such a study would also benefit from the use of a scanning lidar system to measure the off-zenith crosspolarization ratio. Cloud-base heights along with temperature profiles also can be used to help verify cloud phase. Knobelspiesse et al. showed that a cloud was more polarizing with a smaller cloud optical thickness, full validation of which would require high-quality cloud optical depth retrievals [40, 41] . Finally, to more completely compare our results to the simulations presented by Knobelspiesse et al, we would have to use their model and incorporate the environmental conditions and solar and observational geometries from our measured days.
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